Abstract-Electrospray technique has been used in previous works as an excellent way to develop ordered nanostructures. This work focuses on the necessary conditions to achieve 3D nano-ordered layers, which are mainly determined by the conductivity of the liquid where nanoparticles are solved and the existence of an electrical field gradient. Changes in the conductivity induce a different evaporation rate during the ejection phase and control the amount of liquid that is deposited on the substrate. Controlling the conductivity, the electrical field and the quantity of liquid on the substrate different nanostructures can be fabricated, ranging from a semicovered monolayer of scattered nanoparticles up to a fully 3D colloidal crystal.
INTRODUCTION
Nowadays nanostructures are gaining importance in several fields due to its high surface area ratio and its optical and electrical properties. The two main approaches for the formation of nanostructures are topdown or bottom-up. Topdown techniques usually require expensive equipment such as electron-beam lithography that is restricted to very small areas and henceforth to sequential processing [1, 2] . On the contrary, bottom-up strategies are able to produce several samples and structures simultaneously. Of course self-assembly of nanoparticles or nanocomponents is mostly welcome as avoids many of the problems of the other conventional techniques. Today colloidal crystals are produced using many of both categories of technologies [3] [4] [5] , but one of the main problems still unsolved is the small size of the areas of the samples (typically few square millimeters) and ordering range of nanoparticles of few micrometers. Photonic crystals are nanoparticle arrangements with random hexagonal close packed shape (RHCP) order. This 3D periodicity enhances light reflection at wavelength proportional to the size of the nanoparticles. We have recently shown that electrospray of nanofluids has the capability to induce the colloidal crystal formation [6] [7] [8] in big areas and with good optical quality and short processing time. At the same time has the capability to create nonordered arrangements of nanoparticles recently used for its electrical properties [9, 10] .
The complexity of the deposition technique requires to adjust fabrication parameters, such as the liquid pumping rate and the electrical conductivity. In our observations, we have identified as one of the key factors the presence of some liquid on the substrate while the nanoparticles are selfassembling.
In the present work we show results of these observations concluding that the value of the nanofluid conductivity has an important effect on the amount of liquid reaching the substrate and the time remaining there before evaporation. At the same time the liquid enables the ordering of nanoparticles. We have seen that several layers of ordered nanoparticles can be produced if the substrate is wet while the absence of water produces monolayers of scattered nanoparticles, but not large area order.
In our interpretation, the several forces that play a significant role in the deposition process, namely, drag force, buoyancy, weight and dielectrophoresis, combine among them to facilitate the self-assembly conditions. While the buoyancy and weight cancel each other in the dimensions of our work, and even if the drag force is very small, the change of the dielectric permittivity of the medium due to the humidity can be fundamental in the process.
II. EXPERIMENTAL AND RESULTS
So as to test the different electrospraying conditions, the elctrospraying setup shown in figure 1 has been used. A reservoir infusion pump form B. Braun SA (Melsungen, Germany) introduces the nanofluid containing polystyrene nanospheres, 360 nm in diameter, form an OMNIFIX (Braun) 5-ml syringe into a Hamilton needle (600-μm outer and 130-μm inner diameter; Hamilton, Bonaduz, GR, Switzerland) connecting the substrate sample at a negative polarity and the needle at positive polarity Ultravolt high-voltage bipolar source, −15 kV to +15 kV (Ultravolt, Ronkonkoma, NY, USA) enables the ejection of the liquid towards the sample in the proper conditions also enables the creation of the Taylor cone [11] . In order to test different conductivities the dissolution originally formed by an off-the-shelf distilled water solution, including the nanospheres, was mixed 50/50 with distilled water containing 1.5% of formic acid so as to increase the conductivity. In other test the solution has been modified with Isopropanol at 50/50 rate. The three dissolutions were electrosprayed on top of silicon samples with aluminum metalized contacts so as to polarize the negative contact of the power supply. off-the-shelf distilled water solution
The conductivity of dissolutions was measured, as can be seen in table 1. Experiments were performed to reach different levels of order into the deposited nanolayers.
The first experiment was performed with the isopropanol dissolution. In this case, the electrospray process creates a fine mist due to the lower surface tension of the isopropanol and almost all the liquid is evaporated before it reaches the substrate. With these conditions, the nanoparticles tend to deposit separately and create layers of few dispersed nanoparticles on the silicon samples, as can be seen in figure  2 . After keeping the dissolutions for some time in the lab a secondary problem arises. The polystyrene nanoparticles tend to chain as can be seen in figure 2 . This avoids this dissolution to be used. In the dissolution with 1.5% of formic acid the electrospray also forms a fine mist due to the high conductivity of the liquid. The nanoparticles were more stable than in the case of isopropanol, they do not chain as much. After few tests, nonfully covered monolayers of scattered nanoparticles were created, as can be seen in figure 3 . This quasi-monolayer could be useful for applications regarding light scattering and other optical applications. Finally using the off-the-shelf distilled water solution, the electrospray process leads to bigger mist and some water is accumulated on top of the substrate, as shown be seen in figure 4 . With this process lots of dispersed nanospheres where deposited without order. Only when keeping the polarization of the sample even after stopping the flow of the nanofluid, several to tens of layers of ordered nanoparticles were produced, as could be seen in figure 5 . In order to assess the quality of the ordering, some trenches were drilled using FIB. The nanoparticles were fully ordered if the bias voltage is not switched-off just after deposition, this part of the experiment gives a clue that suggests the presence of the dielectrophoresis. The fact that the positive contact of the power source is not placed directly in contact with the liquid that remains in the sample is not an impediment for the dielectrophoresis to appear. In fact the high electric field polarizes the nanoparticles and as they approach to each other the electric field gradient makes them to assemble in the order we have seen in our experiments. In terms of electric equivalent circuit it can be considered that the high voltage source is connected to the substrate by means of an effective RC circuit. The evidence that the fact of keeping the electric field switched on during assembly plays an important role suggest that other noncoulombian forces such a dielectrophoresis play a determinant role in the assembly process. The role of the humidity can be interpreted in terms of the sign of the Claussius-Mossotti factor that is different from air medium to water-medium
III. CONCLUSIONS
The electrospray set-up is able to produce different arrangement of nanoparticles from nonfully covered monolayers of scattered nanoparticles to tens of ordered layers of nanoparticles that behave as photonic crystals with good quality. The accumulation of liquid on top of the sample is crucial for the ordering of the nanoparticles. This accumulation leads to the emergence of the dielectrophoretic force and by means of the electrostatic and dielectrophoertic force the particles are arranged. Further investigation and physical analysis has to be done to prove the statement. This possibilities and the fact that the setup is easily scaled up to cover larger areas opens a wide range of different applications in different fields.
